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Background:Ceramide synthase 1 catalyzes the synthesis of C18 ceramide and is mainly expressed in neurons of the brain.
Results: Ablation of ceramide synthase 1 decreases ganglioside levels and expression of oligodendrocytic myelin-associated
glycoprotein in motor-impaired mice.
Conclusion: CerS1-derived C18 gangliosides are essential for cerebellar development and neurodevelopmentally regulated
behavior in mice.
Significance: Neuronal gangliosides regulate expression of myelin-associated glycoprotein in oligodendrocytes.

Ceramide synthase 1 (CerS1) catalyzes the synthesis of C18
ceramide and is mainly expressed in the brain. Custom-made
antibodies to a peptide from the C-terminal region of themouse
CerS1 protein yielded specific immunosignals in neurons but no
other cell types of wild type brain, but the CerS1 protein was not
detected in CerS1-deficient mouse brains. To elucidate the bio-
logical function of CerS1-derived sphingolipids in the brain, we
generatedCerS1-deficientmice by introducing a targetedmuta-
tion into the coding region of the cers1 gene. General deficiency
of CerS1 in mice caused a foliation defect, progressive shrink-
age, and neuronal apoptosis in the cerebellum. Mass spectro-
metric analyses revealed up to 60% decreased levels of ganglio-
sides in cerebellum and forebrain. Expression of myelin-
associated glycoprotein was also decreased by about 60% in
cerebellum and forebrain, suggesting that interaction and stabi-
lization of oligodendrocytic myelin-associated glycoprotein by
neuronal gangliosides is due to the C18 acyl membrane anchor
of CerS1-derived precursor ceramides. A behavioral analysis of
CerS1-deficient mice yielded functional deficits including
impaired exploration of novel objects, locomotion, and motor
coordination. Our results reveal an essential function of CerS1-
derived ceramide in the regulation of cerebellar development
and neurodevelopmentally regulated behavior.

Ceramides and their sphingolipid derivatives have a wide
range of biological functions. They have been suggested to play
a role in the regulation of cell growth, differentiation, apoptosis,
and skin barrier (1, 2). They can also act as receptors for pro-
teins, antibodies, bacteria, and viruses (3, 4). Ceramide consists
of a long chain base linked to a fatty acid residue via an amide
bond. The chain length of the fatty acid residue can vary
between C14 and C36 and can differ in regard to the extent of
desaturation or hydroxylation (5, 6). Three different biochem-
ical pathways exist for the production of ceramide, i.e. de novo
biosynthesis, the sphingomyelinase pathway, and the salvage
pathway (4). The de novo synthesis of ceramide is initiated at
the cytoplasmic face of the endoplasmic reticulum by conden-
sation of serine and palmitoyl-CoA to yield 3-ketosphinganine,
which is subsequently reduced to dihydrosphingosine. This can
be acylated to dihydroceramide and desaturated to yield cer-
amide. In the salvage pathway, glycosphingolipids and sphingo-
myelin are degraded in lysosomes to yield sphingosine, which,
like dihydrosphingosine, can be acylated in the endoplasmic
reticulum by ceramide synthases (4, 5).
Ceramide synthases (CerS)2 form a protein family of six

members designated CerS1–6. They are transmembrane pro-
teins located in the endoplasmic reticulum. Their nucleotide
sequences are largely conserved in eukaryotes (7, 8). CerS1–6
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proteins carry the TLC (Tram-lag1-CLN8) domain, which
includes the lag1 domain important for the catalytic activity of
ceramide synthases. This domain harbors a C-terminal region
including 52 amino acid residues exclusively found in CerS-
homologous proteins (9). Previous studies have described point
mutations inside the lag1 domain that lead to a loss of function
of the CerS1 and CerS5 proteins, respectively. The CerS pro-
teins differ from each other by their substrate specificity toward
the length of fatty acyl-CoAs and by their expression pattern in
different organs or cell types.
Ceramide can be converted intomore complex sphingolipids

by attachment of different polar headgroups at its primary alco-
hol group (C1-OH). Depending on the type of polar group, two
major classes, phosphosphingolipids and glycosphingolipids,
are defined. The typical phosphosphingolipid in mammalian
cells is sphingomyelin, which is synthesized by the transfer of
the phosphorylcholine moiety (from phosphatidylcholine) to
the C1-OH of ceramide. In an alternative pathway, ceramide
can be modified by the addition of one or more sugar moieties.
Many variations of glycosphingolipids exist. Usually glucose or
galactose residues are attached to ceramide, resulting in gluco-
sylceramide and galactosylceramide, respectively. The sulfuric
acid esters of galactosylceramide are designated as sulfatides.
Additionally, galactose can be transferred to glucosylceramide
to form lactosylceramide, which plays a pivotal role as a precur-
sor for the synthesis of complex glycosphingolipids, e.g. gan-
gliosides (5, 10). Gangliosides play an important role in the
development and physiology of the brain (11). As compared
with astrocytes and oligodendrocytes, postmitotic neurons
express particularly high levels of complex gangliosides (12).
Gangliosides can serve as interactionmolecules for surface pro-
teins, e.g. myelin-associated glycoprotein (MAG) in oligoden-
drocytes (13). MAG is expressed on the inner myelin sheath
directly apposed to the axon surface and has been shown to
bind to gangliosides GD1a and GT1b located on the neuronal
membrane (14).
CerS1 catalyzes the synthesis mainly of C18 ceramide and

has been reported to be expressed in neurons of the brain (15–
17). Recently, Zhao et al. (17) reported the first data on animals
bearing a naturally occurring mutation of CerS1, pointing
toward specific roles of this enzyme in ceramide biosynthesis in
the brain. They found that loss of CerS1 caused progressive
Purkinje cell loss in mice and induced accumulation of lipofus-
cin with ubiquitinated proteins in many brain regions.
In this study, we deleted the catalytic domain of the CerS1

protein in mice. The CerS1�/� mice do not express the CerS1
protein as demonstrated by new specific antibodies. We inves-
tigated phenotypic abnormalities in these mutant mice relative
to wild typemice. Our study goes beyond the data by Zhao et al.
(17) insofar as we found that synthesis of gangliosides and
expression of ganglioside-associated MAG protein were both
significantly decreased in CerS1-deficient mice. Mice lacking
the CerS1 protein exhibited a 40% reduced size of the cerebel-
lum. As these animals aged, behavioral deficits appeared in
CerS1�/� mice. We provide data on altered sphingolipid levels
early after mouse brain development and subsequent poston-
togenetic life up to early senescence. The comprehensive neu-
robehavioral studies reported here indicate that the CerS1 pro-

tein plays an essential role in the development of normal neural
physiology in mice.

MATERIALS AND METHODS

Generation of the CerS1KO Vector—The point mutation in
the start codon of cers1 and insertion of the EcoRI restriction
site were generated by PCR mutagenesis, and the resulting
fragment was cloned by AgeI/BamHI restriction into the
vector, which contained the 5� region of cers1 in pBluescript
(3.4-kb BamHI/Asp718I fragment from the BAC clone
MPMGc121N06760Q4 (Sanger Institute, Cambridge, UK)).
Deletion of exon 3 was achieved by PCR mutagenesis with the
above mentioned BAC clone DNA and cloning via BamHI/
EcoRI restriction of the flanking sites into pBluescript. The stop
codon of the egfp genewas deleted by PCRmutagenesis, and the
resultingDNAwas inserted between the flanking sites of exon 3
in the vector described above. Afterwards, the 3� homologous
region including exons 4–6 (1.5-kb EcoRI/PspOMI fragment
from the above mentioned BAC clone in pBluescript) was
cloned into the vector, which contained the flanking sites of
exon 3 and the egfp gene. The 5� homologous region with the
point-mutated exon 1 was cloned into this vector by Asp718I/
BamHI restriction. Exon 2 was inserted by cloning of the 4.3-kb
BamHI fragment of the BAC clone into the vector mentioned
above. In the final step, we cloned the neomycin resistance
gene, driven by the phosphoglycerate kinase promoter and
flanked by frt (Flp recognition target) sites into the vector
described above. To this end, a 1.9-kb EcoRI/BamHI fragment
from the vector IRES-eGFPcre-FRT-kanamycin-FRT (18) was
cloned into the SpeI recognition site of intron 1. The final non-
conditional CerS1KO vector was analyzed by restriction map-
ping and partial sequencing (GATC Biotech, Konstanz, Ger-
many). The functionality of the frt sites was tested by
transformation of the targeting vector into Flp recombinase-
expressing Escherichia coli bacteria (19).
Screening of Embryonic Stem (ES) Cell Clones—For transfec-

tion of HM1 ES cells (20) via electroporation (0.8 kV, 3 micro-
farads; Gene Pulser, Bio-Rad), 300 �g of DNA of the noncon-
ditional CerS1KO vector were linearized by NotI digestion.
Selection of transfected ES cells was carried out with 350 �g/�l
G418-neomycin (Invitrogen). Resulting ES cell clones were
tested by PCR, analyzing the insertion via the 3� homologous
region. ES cell clones that were positive in PCR analysis were
further characterized by Southern blot analyses for recombina-
tion at the 3� and the 5� homologous regions (external probes)
as well as for single integration of the vector construct (internal
probe) (data not shown). The transfection of cells yielded 1.6%
stably transfected cell clones harboring the vector inserted via
homologous recombination into the genome.
Generation of CerS1-mutated Mice—The ES cells were

injected into C57BL/6 mouse blastocysts following standard
conditions (21). Chimeras weremated with C57BL/6mice, and
the agouti-colored offspring were analyzed for homologous
recombination by PCR of tail tip DNA using an intron-specific
sense primer (CerS1_1, 5�-ACT CTC TCG GTG TCC ATC
TAG-3�), which was combined with a cers1 intron-specific
antisense primer (CerS1_3, 5�-ATGAGTTTCACCAACCTG
GGC-3�) and neomycin-specific antisense primer (CerS1_2,
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5�-CAT GCG AAA CGA TCC TCA TCC-3�). After breeding
the progeny with Flp recombinase-expressing and wild type
mice, we obtained heterozygous and finally homozygous
CerS1�/�micewith an 87.5%C57BL/6 background.Mice were
kept under standard housing conditions with a 12/12-h dark/
light cycle andwith standard diet andwaterad libitum. Allmice
were raised in accordance with instructions of local and state
authorities regarding experiments with animals.
Southern Blot Hybridization—For Southern blot hybridiza-

tion of wild type (Cers1�/�), heterozygous (Cers1�/�), and
homozygous mice (Cers1�/�), genomic DNA was prepared
from adult liver and digested with EcoRI. Genomic DNA was
fractionated on 0.6% agarose gels by electrophoresis and trans-
ferred onto nylon membranes (HybondTM-N�, Amersham
Biosciences). The hybridization was performed using Quick
Hyb hybridization solution (Stratagene, La Jolla, CA) at 68 °C
and a [32P]dCTP-labeled probe (Hartman Analytic GmbH,
Braunschweig, Germany) for 2 h. The probe consists of an
822-bpDNA fragment upstreamof exon 1 of the cers1 gene and
upstream of the 5� homologous region of the insertion site.
Membraneswere first washed in 2� SSC, 0.1%SDS at 68 °C, 1�
SSC, 0.1% SDS at 68 °C, 0.5� SSC, 0.1% SDS at 68 °C, and 0.1�
SSC, 0.1% SDS at 68 °C and then exposed to HyperfilmTM MP
film (Amersham Biosciences) at �70 °C using an intensifying
screen.
Northern Blot Hybridization—Total RNA from adult brain

tissues was collected using TRIzol (Invitrogen) according to the
manufacturer’s protocol, and 20 �g were separated by electro-
phoresis (22) and transferred onto Hybond-N nylon mem-
branes (Amersham Biosciences) by capillary diffusion in 20�
SSC. The hybridization was performed with Quick Hyb using a
326-bp PCR cDNA fragment of cers1 including part of the cod-
ing region of exon 1 and exon 2. After stripping, the membrane
was hybridizedwith a BamHI/NotI 741-bp fragment of the pMJ
green vector (23), which included part of the coding region of
the egfp gene. The amounts of total RNA on Northern blots
were normalized by hybridization to a SacI/BamHI 300-bp
fragment of human glyceraldehyde-3-phosphate dehydrogen-
ase (gapdh) (24).
Ceramide Synthase Assay—Brain tissue samples of 6-week-

old mice were prepared, and ceramide synthase activity was
measured as described (25).
Lipid Extraction—Forebrains and cerebella from mice were

weighed and homogenized in 2 ml of water using Precellys�24
(Peqlab Biotechnologie GmbH, Erlangen, Germany). Lipids
were extracted from this homogenate with 5 ml of methanol
and 2.5ml of chloroform in a homogenous single phase. Extrac-
tions were carried out in screw cap tubes (VWR, Darmstadt,
Germany), which were placed in a shaking water bath (37 °C)
overnight. Afterwards, the tissue pieces were separated by cen-
trifugation, and the solvents were evaporated under a stream of
nitrogen. This procedure was repeated twice with 5 ml of chlo-
roform/methanol (1:1, v/v) and 5 ml of chloroform/methanol
(2:1, v/v), respectively, to ensure complete lipid extraction. The
pooled extracts were then separated into neutral and acidic
fractions as described previously (26). Phospholipids, which
might disturb the analysis of sphingolipids, were deesterified by
mild alkaline hydrolysis for 2 h at 40 °C using 150�l of 1 MKOH

in methanol in 2 ml of chloroform/methanol (1:1, v/v). After
cooling, the samples were neutralized utilizing glacial acidic
acid. For desalting of lipid extracts, reversed phase chromatog-
raphy was performed (27). For measurement of free long chain
bases, the neutral lipid extracts were separated and purified
using a silica column. The lipid extracts were loaded on chloro-
form-equilibrated silica columns (Strata-1 Silica, 55 �m, 70 Å,
100 mg; Phenomenex, Aschaffenburg, Germany) and washed
five timeswith chloroform to remove all neutral lipids, and long
chain bases were eluted with acetone/isopropanol (1:1, v/v)
(28).
Nanoelectrospray Ionization-Tandem Mass Spectrometry—

Quantification of sphingolipids was carried out using the Agi-
lent 6530 Accurate-Mass Q-TOF LC/MS instrument equipped
with a direct infusion chip-based nanospray ion source. The
nanospray solvent was chloroform/methanol/300 mM ammo-
nium acetate (300:665:35) (29). Sphingolipids were ionized in
the positivemode. Instrument parameterswere set as described
previously (28). Sphingolipids were quantified using character-
istic fragments generated after collision-induced dissociation
and normalized to internal standards as described (30–32)with
slight modifications. Hexosylceramides were quantified by the
neutral loss of their headgroup sugar, ceramides were quanti-
fied by a precursor ion scan for the LCBmoiety, sphingomyelin
was quantified by a precursor ion scan for the phosphocholine
headgroup, free LCBs were quantified by the neutral loss of
water, andLCB-Pwas quantified by the neutral loss of the phos-
phate headgroup. Fragmentation energies were optimized for
each class of sphingolipids: hexosylceramides, 20 V; ceramides,
35 V; sphingomyelin, 25 V; LCB, 20 V; LCB-P, 10 V.
Thin Layer Chromatography—For high performance TLC

analysis of gangliosides, the acidic lipid extract was dissolved in
chloroform/methanol/water (2:1:0.1, v/v). The extracts were
applied on high performance TLC plates (20 � 20-cm silica gel
60 plates, Merck) using equal protein amounts per lane (800 �g
for forebrain and 1.6 mg for cerebellum samples). The plates
were developed in a high performanceTLC separating chamber
using chloroform/methanol/0.22% CaCl2 in water (55:45:10,
v/v/v). After drying, the separated lipid bands were visualized
by treatment of the plates with a solution of 10%CuSO4 and 8%
H3PO4 (w/v) and heating to 180 °C for 15 min. Differences in
lipid levels were analyzed using Student’s t test for unpaired
data.
Immunoblot Analyses—Tissues of wild type and CerS1�/�

mice were collected in liquid nitrogen and homogenized by
Precellys (Peqlab Biotechnologie GmbH) in 1.5 ml of homoge-
nization buffer (7.5 mM Na2HPO4, 2.5 mM NaH2PO4, 40 mM

NaF, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.1% deoxy-
cholate, pH 7.2) supplemented with a protease inhibitor mix-
ture (Roche Applied Science). Homogenates were centrifuged
for 5 min, and protein concentrations were determined using
the BCA assay (Sigma). 50 �g of each protein lysate in urea
buffer (0.04 M Tris-HCl, 9 M urea, 5% SDS (w/v), 1 mM EDTA,
0.01% bromphenol blue (w/v), 5% 2-mercaptoethanol (v/v), pH
6–8) were separated by SDS-PAGE in a 12% gel (a 10% gel for
MAG). Proteins were blotted at 100 V for 90 min in transfer
buffer (20 mM Tris, 150 mM glycine, pH 8.3) onto Hybond-C
Extra nitrocellulose (GEHealthcare).Membraneswere blocked
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with 5%milk powder inwashing buffer (20mMTris, pH 8.0, 150
mM NaCl, 0.2% Tween 20) for 1 h and incubated overnight at
4 °Cwith a 1:1,000 dilution of rabbit CerS1 antibodies (custom-
made to a peptide located at the C terminus of themouse CerS1
(QMRELEDLREYDTLEAQ), Pineda, Berlin, Germany), a
1:1,000 dilution of rabbit anti-MAG (Abcam, Cambridge, UK),
a 1:100 dilution of rabbit anti-growth and differentiation factor
1 (GDF1) (EPR5815, Epitomics), or a 1:1,000 dilution of mouse
anti-myelin basic protein (MBP) (sc-376995, Santa Cruz Bio-
technology). After washing (three times for 10 min) in washing
buffer, membranes were incubated for 1 h at room temperature
with a 1:10,000 dilution of horseradish peroxidase-conjugated
goat anti-rabbit Ig (Dianova) in blocking solution and washed
again (three times for 10 min) in washing buffer. For detection
of bound antibodies, the SuperSignal West Pico Chemilumi-
nescent detection kit (Pierce) was used. Standardization of
immunoblots was performed by using a 1:10,000 dilution of
mouse monoclonal GAPDH antibody (MAB174, Millipore,
Darmstadt, Germany) or a 1:10,000 dilution of mouse mono-
clonal Tubulin antibody (T9026, Sigma) in washing buffer con-
taining 5% milk powder for 30 min at room temperature and a
1:10,000 diluted horseradish peroxidase-conjugated goat anti-
mouse Ig (Dianova) under the same conditions. Differences in
MAG protein levels were analyzed using Student’s t test for
unpaired data.
Histological Investigations—For high resolution lightmicros-

copy based upon semithin sections as well as transmission elec-
tronmicroscopy,micewere killed by anoverdose of chloroform
and then immediately fixed via sequential transcardiac perfu-
sion with 0.1 M Sörensen buffer with 1% procaine HCl and then
6% glutaraldehyde in 0.1 M Sörensen phosphate buffer again
with 1% procaine HCl (pH 7.4). Tissues of interest were dis-
sected and postfixed by immersion in the same fixative without
procaine at least overnight. After thorough rinsing in phos-
phate buffer, regions of interest were either directly or after
presectioning with a Leica 1200 Vibratome dissected from the
tissues and postfixed in 2%OsO4, dehydrated in a graded series
of ethanol, and embedded in Spurr’s epoxy resin formula
(Serva). Semithin sectionswere cut at a thickness of 1�m, heat-
mounted on aminosilane-coated slides, and then double
stained with toluidine blue and pyronine G. Light microscopic
preparationswere photographedwith aNikon 90i photomicro-
scope equipped with a 12-megapixel Nikon RI camera. After
evaluation by light microscopy, blocks were trimmed down to
regions of interest of about 1mm2 and resectioned at 70 nm for
routine transmission EM. Sectionsweremounted on 300 or 100
mesh copper grids, respectively, contrast stained with uranyl
acetate and lead citrate, and examined in a 120-kV Zeiss (Jena,
Germany) EM 910 electron microscope.
Immunohistochemical Analyses for CerS1—The expression

of CerS1 protein in cerebellum was localized by immunohisto-
chemical methods. In brief, unfixed cerebella were frozen in
TissueTekOCT embeddingmedium (Sakura Finetek, Heppen-
heim, Germany) and sectioned at 12 �m with a cryostat. The
sections were fixed in methanol at �20 °C for 20 min and incu-
bated in 10% (v/v) methanol and 0.3% (v/v) H2O2 in washing
buffer (50 mM Tris, 1.5% NaCl, 0.3% Triton X-100, pH 7.6) for
15 min at room temperature for blocking of endogenous per-

oxidase activity. After being washed three times in washing
buffer and blocked in 4% goat serum and 5% BSA in washing
buffer for 1 h, the sections were incubated with CerS1 antibod-
ies at a 1:100 dilution in blocking solution overnight at 4 °C.
After washing three times for 5 min in washing buffer, sections
were incubated for 1.5 h at room temperature with a 1:500
dilution of horseradish peroxidase-biotin-conjugated goat anti-
rabbit (Invitrogen) in blocking solution and washed again three
times for 5 min in washing buffer. For detection of the bound
antibodies, the VECTASTAIN Elite ABC kit (Vector Laborato-
ries, Burlingame, CA) was used followed by staining with the
VECTOR NovaRED Peroxidase Substrate kit (Vector
Laboratories).
Immunofluorescence Analysis—Cerebella were frozen

unfixed in TissueTek OCT embedding medium (Sakura
Finetek) and sectioned at 12 �m with a cryostat. The sections
were fixed in methanol at �20 °C for 20 min. After washing
three times for 5min in washing buffer (50 mMTris, 1.5%NaCl,
0.3% Triton X-100, pH 7.6) sections were blocked with 5% goat
serum in washing buffer for 30 min and incubated overnight at
4 °C with a 1:100 dilution of rabbit CerS1 antibodies, a 1:100
dilution of mouse calbindin antibodies (Sigma), or a 1:500 dilu-
tion of mouse NeuN antibody (MAB377, Chemicon, Billerica,
MA) in blocking solution. After washing three times for 5 min
in washing buffer, sections were incubated for 1.5 h at room
temperature with a 1:1,000 dilution of combinations of Alexa
Flour 488 and Alexa Fluor 562 secondary antibodies (Invitro-
gen) in blocking solution and washed again three times for 5
min inwashing buffer. TUNELassayswere performedusing the
In Situ Cell Death Detection kit according to the manufactur-
er’s instructions (Roche Applied Science). Sections were
mounted with Glycergel mounting medium (Dako, Glostrup,
Denmark) and viewedwith a laser scanningmicroscope (Zeiss).
Behavioral Analysis—Seven CerS1�/� (80 � 13 days old

upon arrival in the behavior laboratory) and eight CerS1�/�

(68 � 8 days old upon arrival in the behavior laboratory) male
mice with an 87.5% C57BL/6 background were used for behav-
ioral experiments. The mice were acclimatized to the housing
conditions for 3 weeks before the behavioral experiments were
initiated. During the acclimatization period, animals were left
undisturbed in their home cages except for being placed into a
clean cage with fresh bedding material once per week. Animals
were maintained under a reversed 12-h light/dark cycle with
lights on at 7:00 a.m. They had free access towater and standard
diet. They were housed in Makrolon cages placed into a venti-
lated, temperature- and humidity-controlled cabinet (UniPro-
tect, Ehret, Germany). The animals were not handled except to
place them into the behavioral apparatuses and back to their
home cage after the tests. During these transfers, themousewas
gently picked up by the tail and immediately released into the
apparatus or home cage to minimize handling-induced stress.
Studies were approved by the local animal ethics committee
and the state authorities of North Rhine-Westphalia.
Open Field—Spontaneous exploratory behavior and behav-

ioral habituation were investigated using the open field test
(33). Each mouse was given three trials of 10-min duration in
the open field with an intertrial interval of 24 h. The open field
(30 � 30 � 40 cm) was made of gray polyvinyl chloride. It was
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placed in a sound-attenuated experimental chamber. A video
camera was mounted 40 cm above the open field. A 100-watt
white light bulb provided a light density of approximately 20 lux
at the center. Open field trials were analyzed offline using the
EthoVision tracking system (Noldus, Netherlands). The follow-
ing variables were measured: (i) locomotion, the distance in cm
an animal moved; (ii) center time, the time spent in the center
(10 � 10 cm); (iii) corner time, the time spent in the four cor-
ners (10 � 10 cm each); and (iv) running speed, the mean run-
ning speed (cm/s) in the center or the entire open field.
Repeated exposures to the same open field induce behavioral

habituation indicated by low levels of exploratory behavior.
Exploratory behavior (dishabituation) can be reinitiated by the
introduction of novel stimuli into the familiar open field (34).
Twenty hours after the third trial, the mice received a fourth
trial in the open field. The experimental procedure was identi-
cal to the previous three trials except that visual cues had been
attached to the north and southwall of the open field. Addition-
ally, the illumination strength in the center was reduced from
20 to 10 lux. Dishabituation indices for the variables locomo-
tion and mean running speed were calculated as follows: dh �
behavior on trial 4/(behavior on trial 3 � trial 4). High index
scores close to 1 indicate high behavioral dishabituation,
whereas low index scores near 0 would indicate low behavioral
dishabituation.
Motor Coordination Learning—Motor coordination and bal-

ancing performance were tested with an accelerating rotarod
(TSE Systems, Germany). The rod had an axis diameter of 3.5
cmand a striated surfacemade of black rubber. Eachmousewas
given three trials per day for 3 consecutive days. Two weeks
later, the animals were subjected to three more trials. Each ani-
mal was individually placed on the inactive drum, which there-
afterwas accelerated to a speed of 40 rpmover a period of 5min.
The duration (s) of active performance was registered on each
trial. Each trial ended when the mouse fell off the drum or after
5 min.
Vertical Pole Test—A pole wrapped with cord (2-cm diame-

ter, 80-cm length) and bordered at its base by a platform was
positioned vertically. The mouse was placed with its forelimbs
on the pole and its head facing upward. The latency to perform
a 180° turn to face the platform and the total time required to
climb down the pole and enter the platformweremeasured two
times with an intertrial interval of 30min. Each trial lasted for a
maximum of 120 s. Incidents of falling, slipping, reclimbs, and
back turns were also scored.
Horizontal Wire Test—Each mouse was lifted from the tail

and carefully lowered to the middle of a horizontally clamped
wire (1mm in diameter, 90 cm long, lifted 20 cm from the floor)
that connected two platforms (4 � 4 cm). The animal was
allowed to grasp the wire with its forepaws and to climb to one
of the two platforms. The time the mouse needed to reach one
of the platforms was recorded during two trials with an inter-
trial interval of 30–45 min. Horizontal wire test performance
(see supplemental Table S1) was scored as described previously
(35). A trial was terminated after an animal reached one of the
platforms or if 180 s had elapsed.
Spontaneous Alternation in the Y-maze—Spontaneous alter-

nation performance was assessed according to a previous pub-

lication (36). TheY-maze had anopen roof andwas constructed
of black Plexiglas with three arms (7.5 cmwide� 18 cm long�
23.5 cm high) radiating from a triangle-shaped central plat-
form. One of the arms differed from the others by a colored
rectangular cue inserted at the end of the wall. It was placed in
a sound-attenuated experimental chamber. The mouse was
placed on the central platform and was allowed to explore the
arms of the Y-maze for 5 min. An arm entry was scored when
the mouse entered an arm with all four paws. The following
parameters were calculated: (i) total number of entries; (ii)
number of triplets, the number of consecutive choices of each
of the three arms without re-entries during the last three
choices and irrespective of the order of the chosen arms; and
(iii) alternation ratio, the number of triplets divided by the total
number of entries minus 2 (36).
Novel Object Exploration Test—Each animal was allowed to

freely explore two copies of a novel object placed into two ran-
domly selected corners of a familiar open field (37, 38). Objects
weremade of plastic, had a textured surface, and had a height of
18 cm.The time spent exploring the objects (s), the frequency of
object contacts, and the total distancemoved in cmwere scored
offline by using an automated tracking device (EthoVision).
The automated and unbiased analysis of exploratory behavior
in the novel object exploration paradigm was based on a multi-
ple point tracking technique for the identification of the body
point center, nose point, and tail base point of an animal. Explo-
ration and contact with an object was assumedwhen themouse
approached the object zone with its nose with the nose point
being within 2 cm of the object border.
Statistics—Spontaneous spatial alternation, open field, and

rotarod data are expressed asmean� S.E. Vertical pole test and
horizontal wire data are expressed as medians (with interquar-
tile ranges). The Mann-Whitney U test was used for genotype
comparisons of pole and horizontal wire test performance.
Within-group differences between the first and second trials
were calculated by the Wilcoxon test. Open field and rotarod
data were analyzed by repeated measures analysis of variance.
Long termmotor memory was analyzed by Student’s t tests for
paired data. Genotype differences in dishabituation, spontane-
ous spatial alternation, and novel object exploration were ana-
lyzed by Student’s t test for unpaired data. To determine
whether spatial alternation ratios were significantly different
from chance level, single group t tests against a chance level of
0.5 were performed. Results were considered significant if p
values smaller than 0.05 were obtained.

RESULTS

Generation of CerS1�/� Mice—The mouse cers1 gene is
located on chromosome 8 upstream and in close proximity to
the gene coding for GDF1 with which it is expressed on the
same (bicistronic) mRNA. Both genes together are encoded by
eight exons.Deletion of the gdf1 gene leads to embryonic lethal-
ity in mice (39). To prevent that the deletion of cers1 disturbs
the expression of GDF1, we deleted the translational start
codon of cers1 in the first exon and other potential reinitiating
start codons in exon 3 together with part of the functional lag1
motif. Instead of the deleted part of exon 3 (amino acid residues
182–191), we introduced a new AUG start codon followed by
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the coding DNA of the enhanced green fluorescent protein
(eGFP). The egfp cDNA was cloned without the translational
stop codon so that a fusion protein of eGFP and the remaining
part of CerS1 could be translated. The remaining part of CerS1
hypothetically consists of only two transmembrane regions and
is expected to be enzymatically inactive as pointmutation stud-
ies have shown (9). Successful expression of this eGFP-CerS1ct

fusion protein should terminate translation of the mutated
cers1 gene at the same stop codon as wild type cers1. Thus, the
expression of the gdf1 gene should not be influenced in the
CerS1-deficient mice.
For inactivation of the mouse cers1 gene, we used the non-

conditional CerS1KO vector (Fig. 1A). After transfection into
HM1 ES cells, homologous recombined ES cells were used to
generate germ-line transmission chimeras. GFP should be
expressed as a fusion protein with the C-terminal peptide of
CerS1 (eGFP-CerS1ct fusion protein). However, no GFP signal
could be detected via endogenous fluorescence or via detection

with antibodies to GFP. This might be due to instability of the
eGFP-CerS1ct fusion protein.
Characterization of CerS1�/� Mice—Heterozygous animals

without the neomycin selection cassette were used for the gen-
eration of a CerS1�/� mouse line with at least 87.5% C57BL/6
genetic background. The homozygous CerS1�/� mice were
viable and fertile. Via immunoblot analysis of embryos on
embryonic day 10, we detected GDF1 protein in CerS1-defi-
cient animals at the same amount as in embryos of wild type
animals (Fig. 1F), indicating that the knock-out of CerS1 had
not inactivated the second reading frame on the cers1 mRNA
that codes for GDF1. If the second reading frame had been
inactivated, embryonic lethality would have resulted.
The different genotypes were confirmed by PCR genotyping

(Fig. 1B) and Southern blot hybridization (Fig. 1C). Offspring of
matings with heterozygote CerS1�/� mice were born with the
expected Mendelian ratio, indicating a non-essential role of
CerS1 during embryogenesis. Northern blot analyses hybrid-

FIGURE 1. Generation of CerS1�/� mice. A, scheme of the strategy used for the generation of CerS1�/� mice including cers1 wild type locus, cers1 locus after
homologous recombination (CerS1neo), and cers1 locus after Flp-mediated recombination (CerS1�). B, PCR analysis using genomic tail DNA from mice of all
genotypes obtained. The cers1-specific primer combination resulted in a 389-bp amplicon for the cers1 wild type allele, a 706-bp amplicon for the cers1
mutated allele containing the neomycin resistance cassette (neo) and a 497-bp amplicon for the cers1-mutated allele without the neomycin cassette. C,
Southern blot analysis of the cers1 locus demonstrating the homologous recombination of the targeted allele and the generation of the cers1�/� allele. After
EcoRI digestion, bands corresponding to DNA fragments of the 5� homology region of wild type and knock-out alleles were detected at 14.6 and 8.4 kb,
respectively. D, Northern blot analysis of CerS1�/�, CerS1�/�, and CerS1�/� RNA isolated from whole brain lysates. The CerS1_NB probe detected a transcript
of 2.7 kb length for the wild type allele and for the cers1-mutated allele a transcript of 3.3 kb length. The egfp probe detects also the 3.3 kb transcript for the
mutated allele. The gapdh probe was used as a loading control. E, immunoblot analysis. The CerS1 antibodies recognize a signal of about 32 kDa only in wild
type forebrain, cerebellum, spinal cord, and muscle. In CerS1 mutant tissues, no specific signals were found. F, immunoblot analysis. A GDF1 antibody
recognizes the GDF1 protein in lysates of embryonic day 10 wild type as well as CerS1-deficient animals. SB, Southern blot; NB, Northern blot; HR, homologous
region.
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ized with a cers1 probe showed a 2.7-kb transcript for wild type
and a 3.3-kb transcript for the mutated genotype. With the gfp
probe, the 3.3-kb transcript was found only in themutated gen-
otype (Fig. 1D).
Generation of CerS1 Antibodies—GFP should have been

expressed as a fusion protein with the C-terminal peptide of
CerS1 (eGFP-CerS1ct fusion protein); however, no GFP signal
could be detected via endogenous fluorescence or via detection
with antibodies to GFP. To detect the CerS1 protein, we gener-
ated peptide antibodies against a peptide located in the C-ter-
minal part of CerS1. These antibodies should detect wild type
CerS1 and the eGFP-CerS1ct fusion protein in the mutated
CerS1 mice. In Western blot analysis, CerS1�/� tissue showed
a signal in forebrain, cerebellum, spinal cord, and muscle at
about 32 kDa (Fig. 1E). No signal could be detected inCerS1�/�

tissue, indicating that the eGFP-CerS1ct fusion protein is not
expressed or is rapidly degraded. The specificity of the CerS1
antibodies was checked by immunoblot analysis of lysates of
CerS1-overexpressing and wild type HEK-293 cells (supple-
mental Fig. S1).
Localization of CerS1 Expression—To analyze the localiza-

tion of CerS1 protein, we performed immunostainings with
newly generated CerS1 antibodies. Immunohistochemical
stainings showed a strong expression of CerS1 in different cer-
ebellar regions (Fig. 2A). In immunofluorescence analyses, we
found perinuclear signals in cerebellum (Fig. 2), spinal cord,
and eye (not shown) only in neurons of CerS1�/�, but not of
CerS1�/�, mice as verified by its co-expression with NeuN, a
marker for neuronal nuclei (Fig. 2B).
Lipid Metabolism in CerS1�/� Mice—Ceramide synthase

activity was determined in the brains of 6-week-old wild type
and CerS1�/� mice. The CerS1�/� mice showed a reduction in
ceramide synthase activity toward C18 acyl-CoAs by 78% rela-

tive to wild type controls (data not shown). The results confirm
a substrate specificity of CerS1 for C18:0 acyl chain (15–17).
Zhao et al. (17) reported lipid analyses only from brains of
2-week-old mice. In addition, we determined the levels of free
long chain base, long chain base phosphates, ceramides, hexo-
sylceramides, sphingomyelin, sulfatides, and gangliosides in
lipid extracts of cerebellum and forebrain of 6-week- and
18-month-old CerS1�/� and CerS1�/� mice (Fig. 3). Nano-
electrospray ionization-tandem mass spectrometry revealed
that the amounts of neutral d18:1-C18 sphingolipids (ceramide
(Fig. 3A), hexosylceramide (Fig. 3B), and sphingomyelin (Fig.
3C)) in forebrain and cerebellumwere reduced. The amounts of
d20:1-containing neutral sphingolipids were very low. The
quantification of GD1 and SM4was based on the characteristic
fragment obtained from sialic acid and sulfate, respectively.
Because of this, isobaric acidic sphingolipids like d18:1,C20:0
and d20:1,C18:0 cannot be distinguished and are therefore pre-
sented as the sum of carbon atoms:number of double bonds.
The amounts of �d36:1 representing sphingolipids containing
d18:1,C18:0 and �d38:1 (d18:1,C20:0 and d20:1,C18:0) in fore-
brain and cerebellum were reduced.
In 6-week-old mice, the total amounts of ceramide, hexosyl-

ceramide (supplemental Fig. S2), sphingomyelin, and sulfatide
(supplemental Fig. S3) were not changed due to an increase of
othermolecular specieswith different chain lengths, suggesting
compensation by other ceramide synthases. However, the total
amount of GD1 was decreased to 50% in forebrain and cerebel-
lum of CerS1�/� mice compared with control mice (Fig. 4, A
and D).
In 18-month-old mice, we observed not only a decrease of

C18 sphingomyelin and C18 hexosylceramide but also a
decrease of all other sphingomyelin (Fig. 3C) and hexosylcer-
amide (Fig. 3B) molecular species, leading to a decrease of the
total amount of hexosylceramides to 40% and a decrease of the
total amount of sphingomyelin to 50%. In these 18-month-old
mice, the levels of sphinganine and sphingosine, both sub-
strates of ceramide synthases, were increased in the cerebellum
by 2- and 4-fold, respectively, and to amuch lesser extent in the
forebrain (Fig. 3D). Sphingosine 1-phosphate and sphinganine
1-phosphate were also increased in cerebella and forebrains of
18-month-old CerS1�/� mice (supplemental Fig. S4) probably
due to increased levels of the substrates of LCB kinase, sphin-
gosine and sphinganine, respectively.
Gangliosides in forebrain and cerebellum of 18-month-old

mice were analyzed by thin layer chromatography (Fig. 4, B and
E). The levels of all major brain ganglioside classes were
decreased in CerS1�/� relative to wild type mice. In CerS1�/�

cerebellum,GD1awas decreased to 30%,GM1was decreased to
36%, GT1b showed a reduction to 56%, and GD1b showed a
reduction to 19% (Fig. 4C). Also in forebrain, we measured a
decrease in the major ganglioside classes (GM1, 55%; GD1a,
72%; GT1b, 37%; GD1b, 59%) (Fig. 4F). As GD1 and GT1b are
known to serve as complementary ligands forMAG (13, 14), we
investigated the expression level of MAG in CerS1�/� and
CerS1�/� mice (Fig. 4G). We found that MAG was down-reg-
ulated by 60% in cerebellum and forebrain (Fig. 4H). To deter-
mine whether only MAG protein or also the total myelin was
decreased in CerS1�/� mice, we investigated the expression

FIGURE 2. Immunohistochemistry of CerS1 protein in mouse cerebellum.
CerS1 is located in neuronal cells in the cerebellum. A, immunoreactivity of
CerS1 in sections of wild type and homozygous CerS1�/� cerebella. B, pres-
ence of CerS1 (green) in NeuN-positive (red) cells in sections of wild type and
homozygous CerS1�/� cerebella. Immunofluorescence analyses were per-
formed within the region of the highlighted box in A.
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level of myelin basic protein (MBP) in CerS1�/� and CerS1�/�

mice (Fig. 4I) and found it to be about the same.
Histological Abnormalities of CerS1�/� Mice—Within the

CNS of CerS1-deficient mice, morphological abnormalities
were mainly observed in the cerebellum, affecting its size and
macroscopic organization as well as the survival of its major
neurons. The normal cerebellum is made up of an elaborate set
of folia separated by fissures (40). Already during postnatal
development of the CerS1�/� mice, we noticed a discrete foli-
ation defect, i.e. the absence of a fissure separating folia VI and
VII. In contrast, cerebellar lamination developed correctly
withoutmajor ectopia andwithin a normal time frame (Fig. 5, E
and F). Macroscopically, we observed a mainly postdevelop-
mental size reduction, first affecting the vermis (43% lessweight
in 6-week-old mice), but between 6 and 12 months postnatally
also causing a significant atrophy of cerebellar hemispheres
(Fig. 5, A–D).
Likewise, occurring mainly after completion of cell position-

ing around postnatal day 20, initially normal appearing Pur-
kinje neurons started to degenerate throughout all folia with
the majority of these cells disappearing until the 6th month
postnatally (Fig. 5, G and H), confirming results by Zhao et al.
(17). Less conspicuously, postmigratory granule cells (i.e.
within the internal granular layer) also showed a 6 times
increased rate of apoptosis as early as postnatal day 10 as tested
with TUNEL assays (Fig. 5J) and visualized by microscopic
appearance (Fig. 5I). Interestingly, significant astrogliosis was
only observed in the cerebellar white matter but was absent
from its neuronal strata (Fig. 5,K and L). Likewise, activation of

microglia as measured by RCA1 binding was absent from all
brain regions.
Zhao et al. (17) described accumulation of lipofuscin inmany

regions of the brain. In our CerS1�/� mice, minor accumula-
tion of a brown pigment was only found in sensory ganglion
cells of the peripheral nervous system, especially in the trigem-
inal ganglion (data not shown).
Open Field Exploration, Habituation, and Dishabituation—

Deficiency in different ganglioside synthases causes various
behavioral phenotypes in mice including motor and neuropsy-
chological impairment (41–43).We found a behavioral impair-
ment in our CerS1�/� mice that increased with age. We per-
formed different tests to evaluate the motor function and
learning abilities of CerS1�/� mice. CerS1�/� and CerS1�/�

mice showed reduced locomotion across the three habituation
trials in the open field (main effect of trials: CerS1�/�,F(2,14)�
15.67, p� 0.001; CerS1�/�, F(2,12)� 8.78, p� 0.004; repeated
measures analysis of variance; Fig. 6A). Furthermore, both
groups exhibited reductions in the mean running speed
(CerS1�/�, p � 0.001; CerS1�/�, p � 0.01; Fig. 6B). There was
no significant genotype � trial interaction for the measures
locomotion andmean running speed (p	 0.05), suggesting that
behavioral habituation to the open field was not affected in the
CerS1�/� mice. However, CerS1�/� mice exhibited signifi-
cantly decreased locomotion over the three trials in the open
field (main effect of genotype: F(1,13) � 177.76, p � 0.003; Fig.
6A). CerS1�/� mice also showed significantly decreased mean
running speed across the three trials (main effect of genotype:
F(1,13)� 177.71, p� 0.003; Fig. 6B). Hence, these data indicate

FIGURE 3. Quantitative lipid analyses of neutral sphingolipids in CerS1�/� mice in comparison with wild type mice. A quantitative evaluation of
ceramide (A), hexosylceramide (B), sphingomyelin (C), and long chain bases (D) in the cerebellum of 18-month-old mice (n � 3) by nanoelectrospray ionization-
MS/MS is shown. The lipid content measured in three animals (mean and S.E. (error bars)) is shown. Lipids are classified by their acyl chain length. The decrease
of different sphingolipids with C18 acyl chain length in CerS1�/� mice relative to wild type mice is obvious in all cases. There is an increase of ceramides
containing acyl groups with other chain lengths, leading to a balanced amount of total ceramide. In contrast, there is no such balancing effect in the
hexosylceramide class or in the sphingomyelin class by sphingolipids with other acyl chain lengths. Stars indicate statistically significant difference, when
compared with wild type controls (*, p � 0.05; **, p � 0.01; ***, p � 0.001; t test).
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that CerS1�/� mice exhibit a decrease in locomotor activity
and running speed in the open field, suggesting that CerS1 defi-
ciency impairs motor function. The dishabituation indices of
the fourth trial of open field testing were not significantly dif-
ferent between CerS1�/� and CerS1�/� mice (p � 0.05, Stu-
dent’s t test for independent groups; not shown).
Across the three habituation trials, the time spent in the cor-

ners increased (main effect of trials: CerS1�/�, F(2,14) � 9.76,
p � 0.002; Fig. 6C), whereas the time spent in the center
decreased (main effect of trials: F(2,14) � 8.74, p � 0.003; Fig.
6D) in the CerS1�/� group. In contrast, neither the time spent
in the corners (p 	 0.05) nor the time spent in the center (p �
0.52) changed significantly across the three trials in the
CerS1�/� group. Compared with CerS1�/�, the CerS1�/�

mice spent significantly less time in the corners (main effect of
genotype: F(1,13)� 13.68, p� 0.003; Fig. 6C) andmore time in

the center (main effect of genotype: F(1,13) � 8.20, p � 0.01;
Fig. 6D). These results suggest a possible anxiolytic effect in
CerS1�/� mice. However, this behavioral patternmight also be
explained by a prolonged period of immobility of the CerS1�/�

mice after their placement into the center of the open field. No
significant genotype � trials interactions were found for the
time spent in the corners (F(2,26)� 0.121, p� 0.88) and center
time (p 	 0.05) variables.
The CerS1�/� mice also exhibited reduced running speed in

the center relative to the CerS1�/� mice (main effect of geno-
type: F(1,13) � 29.073, p � 0.001; Fig. 6E). No significant gen-
otype� trial interaction was found for themean running speed
in the center variable (p 	 0.05).
Motor Coordination Learning and Long TermMemory—The

rotarod performance of both CerS1�/� (main effect of trials:
CerS1�/�, F(8.56) � 4.552, p � 0.0001; Fig. 6F) and CerS1�/�

FIGURE 4. Accumulation of gangliosides of forebrain and cerebellum and immunoblot of myelin-associated glycoprotein. A quantitative evaluation of
GD1 in the cerebellum (A) and forebrain (D) of 6-week-old mice is shown. Doubly charged ions were recorded in nanoelectrospray ionization-MS/MS. Lipids are
classified by their total number of carbon atoms:number of double bonds of the ceramide moiety. The lipid content measured in three animals is displayed. The
lipid content measured in three animals (mean and S.E. (error bars)) is shown. B and E, lipid analyses of cerebellum and forebrain of 18-month-old mice by TLC.
Lipids were applied according to equal amounts of protein. Positions of lipid standards are indicated. Sulf, sulfatide. C and F, quantification of TLC analyses of
gangliosides. The lipid content measured in three animals (mean and S.D. (error bars)) is shown. G, immunoblot analysis of MAG from forebrain and cerebellum
extracts of 6-week-old CerS1�/� and CerS1�/� mice. In addition, blots were performed with anti-GAPDH to control equal loading of the gels. H, quantification
of MAG protein in 6-week-old CerS1�/� mice in comparison with CerS�/� mice. In CerS1�/� mice, MAG is decreased by about 60% (n � 3). The MAG content
measured in three animals (mean and S.E. (error bars)) is shown. I, immunoblot analysis of myelin basic protein (MBP) in forebrain and cerebellar extracts of
6-week-old CerS1�/� and CerS1�/� mice (n � 3). GAPDH serves as a loading control. Stars indicate statistically significant difference, when compared with wild
type controls (**, p � 0.01; t test).
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mice (CerS1�/�, F(8.48) � 5.827, p � 0.0001) improved signif-
icantly across the nine acquisition trials. Acquisitionwas signif-
icantly impaired in CerS1�/� as comparedwith CerS1�/�mice
(main effect of genotype: CerS1�/� versusCerS1�/�, F(1.13)�
9.679, p � 0.008; Fig. 6F). However, no significant genotype �
trial interaction was evident (p 	 0.05). A retest performed 2
weeks after the last acquisition trial confirmed the impaired
performance ofCerS1�/� as comparedwith theCerS1�/�mice
(p � 0.05).
Vertical Pole Test—No significant difference between

CerS1�/� and CerS1�/� mice (p values	0.05, Mann-Whitney
U test; supplemental Table S1) regarding the time needed to
perform the 180° turn was found. The total time needed to
climb down the pole on trial 2 was significantly increased in the
CerS1�/� mice (p � 0.01; supplemental Table S1). No signifi-
cant genotype differencewas observed on trial 1 (p	 0.05). The
CerS1�/�mice needed significantly less time to climbdown the
pole on the second as compared with the first trial (p � 0.01,
Wilcoxon test), whereasCerS1�/�mice performed similarly on
both trials (p	 0.05). The latter result suggests impairedmotor
learning in CerS1�/� mice.
Horizontal Wire Test—On trial 1, the duration of active per-

formance was significantly higher in CerS1�/� as compared
with CerS1�/� mice (p � 0.01, Mann-Whitney U test; supple-
mental Table S1). However, this difference was no longer pres-
ent during trial 2 (p 	 0.05). On trial 2, CerS1�/� mice per-
formed superiorly to the CerS1�/� mice (p � 0.02), suggesting
an impairment in neuromotor functions in CerS1�/� mice. No
change in the dependent measures was evident between the
first and the second trial either in CerS1�/� or CerS1�/� mice
(p values 	0.05, Wilcoxon test).
Spontaneous Alternation Performance in the Y-maze—The

CerS1�/� mice showed a reduced number of triplets (T� 3.16,
df � 13, p � 0.007; Fig. 6G) and total arm entries (p � 0.01) as
compared with the CerS1�/� mice. To assess spatial working
memory of the CerS1�/�mice independently ofmotor activity,
we calculated an alternation index that is not dependent on the
number of arm entries. CerS1�/� mice exhibited significantly
higher alternation ratios relative to the CerS1�/� mice (T �
2.42, df � 13, p � 0.03, Student’s t test for non-paired data; Fig.
6G). The alternation index of CerS1�/� mice was higher than
the chance level (T � 3.42, df � 7, p � 0.01, single group t test),
whereas that of the CerS1�/� mice was not different from the
chance level (p� 0.526), suggesting that CerS1 deficiency leads
to impairments in spatial working memory.

FIGURE 5. CerS1 deficiency causes foliation defects and postnatal neuro-
degeneration in the cerebellum. A–C, cerebellum and brain stem (dorsal
aspect) as seen in an adult wild type mouse (A) and CerS1�/� mice of 2
months (B) and 12 months (C) of age. Note the progressive shrinkage of the
cerebellum, first evident by the retraction of the anterior vermis (asterisk)
from the caudal colliculi already at 2 months. Shrinkage of cerebellar hemi-
spheres (Hem) starts more slowly and is most pronounced during the second
half of the 1st year postnatally. Dotted lines indicate the border between the
vermis and hemispheres. Note that the flocculonodular lobe almost retains its
normal size. At 12 months, the cerebellum is reduced to a flat band covering
the dorsal pons. However, the relative loss of volume still appears greatest in
the vermal region. Quantitatively, the postnatal cerebellum from 6-week-old
mice loses about 50% of its normal weight (D). Interestingly, a limited weight
loss is seen in heterozygous mice. Bars represent mean � S.E. (error bars) of
weight of cerebellum. Stars indicate statistically significant difference, when
compared with wild type controls (***, p � 0.001; t test). E and F, CerS1-
deficient mice feature a modified cerebellar foliation pattern already during
postnatal development characterized by the absence of a short fissure sepa-
rating lobules VI and VII (arrow) and less consistently by the absence of a short
fissure splitting the apical part of lobule IX (arrowhead). G–J, neurodegenera-
tion affects both Purkinje neurons (G and H) and granule cells (I and J). Loss of
Purkinje cells, visualized here by anti-calbindin staining in G and H and
marked by arrows in I, mainly starts after completion of lamina formation
around postnatal day 20 and leads to a subtotal loss of these cells by the end

of the first year. Due to their extremely high number, loss of granule cells is on
first glance less impressive in routine preparations of early adult cerebella,
mainly identified by small cysts filled with debris (circle in I) and an unusually
wide scattering of cells in an internal granular layer now more dominated by
interstitial territories of mossy fiber boutons (arrowheads in I). However, a
strongly increased extent of granule cell apoptosis is already present in post-
migratory cells of the anterior lobe (J), the first cerebellar region showing
shrinkage. Bars represent mean � S.E. (error bars) of apoptotic cells per area. K
and L, in contrast to the mainly neuronal damage, astrogliosis is most prom-
inent in the cerebellar white matter but surprisingly less so in neuronal strata.
However, this finding again shows that changes in the axonal sphingolipid
profile might have an impact on different cell types. Mes, mesencephalon.
Calibration bars, 2 mm in A, B, and C, 1 mm in E and F, 150 �m in G and H, 50 �m
in I, and 750 �m in K and L.
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Novel Object Exploration Test—The CerS1�/� mice showed
a significantly higher number of object contacts (CerS1�/�,
101.13 � 11.11; CerS1�/�, 38.86 � 7.64; T � 4.48, df � 13, p �
0.001, Student’s t test for unpaired data; Fig. 6H) and object
exploration time (CerS1�/�, 93.37 � 17.95; CerS1�/�, 27.74 �
7.50; p � 0.007; Fig. 6I) as compared with CerS1�/� mice. Fur-
thermore, theCerS1�/�mice exhibited significantly higher lev-
els of locomotion relative to CerS1�/� mice (p � 0.001, Stu-
dent’s t test for unpaired data; not shown). Our data suggest
that CerS1�/� mice are probably less motivated to approach
and explore novel objects as comparedwith theCerS1�/�mice.
Again, it remains to be determined how much of this effect is
due to motor impairments, e.g. the inability to rear or lean on
the object.

DISCUSSION

CerS1�/� mice were generated by homologous recombina-
tion in embryonic stem cells. In thesemice, parts of the catalytic
domain of CerS1 were deleted and replaced by the egfp gene,
which should be expressed as a fusion protein together with the
C-terminal peptide of CerS1. However, the expected fusion
protein was not found by eGFP fluorescence or staining with
anti-GFP. The transcript of the mutated gene could easily be
observedwith probes against gfp or cers1 in Northern blot anal-
yses. Thus, we generated polyclonal antibodies to the C termi-
nus ofCerS1 because at this time several commercially available
antibodies yielded unspecific signals in CerS1-deficient tissue.
Using the new custom-made antibodies, we found the CerS1
protein in brain of wild type mice but not in that of CerS1-
deficient mice. We conclude that the fusion protein is not
translated as mRNA appears to be present or rapidly degraded
in CerS1-deficient brain. The predicted molecular mass of
CerS1 protein is 37 kDa. The smaller mass of the detected pro-
tein could be due to altered detergent binding of membrane
proteins (44).
The results of ceramide synthase assays with brain homoge-

nates of CerS1�/� mice were consistent with the absence of
CerS1 activity because ceramide synthase activity toward C18
fatty acyl-CoAwas significantly decreased by 78% in extracts of
CerS1�/� brain. The remaining synthesis capacity for C18 cer-
amide is likely due to the activity of other CerS proteins in the
brain.
With the new CerS1-specific antibodies, we determined by

immunofluorescence analyses that the CerS1 protein is exclu-
sively expressed in neurons. This result confirms earlier data
obtained by in situ hybridization of cers1mRNA (45).
Mass spectrometric analyses of ceramides in forebrain and

cerebellum of CerS1�/� mice also confirmed in vitro data (15,
16) on fatty acid specificity of CerS1. In the previous study of

Zhao et al. (17), the lipid levels of 2-week-old mice were exam-
ined. At this age, the development of the brain is not yet com-
plete. Thus, we investigated later stages of development. The
analysis of lipids in 6-week-old mice showed the same relative
differences between wild type and CerS1�/� mice as observed
in 2-week-old mice for ceramide, sphingomyelin, and hexosyl-
ceramide. In addition, we found a decrease of sphingolipids
with C18 acyl chain length in CerS1�/� mice relative to wild
typemice in all sphingolipid classes. The levels of sphingolipids
containing other acyl chains, i.e. C16, C20, C22, and C24:1,
were increased, leading to a balanced amount of total sphingo-
lipids betweenCerS1�/� andwild type brains. These results are
in line with data fromCerS2 knock-outmice in which compen-
sation effects were also observed (25, 46). Recent cell culture
experiments showed that CerS proteins build dimers and
increase activity by dimerization (47). However, cell type-spe-
cific expression patterns of CerS proteins in the brain and addi-
tional mechanisms of regulation at the transcriptional and
posttranscriptional levels might add to the regulation of CerS
activities in vivo.
Different results were obtained for 18-month-old CerS1 KO

mice.We found that sphingomyelin andhexosylceramideswith
C18 acyl chains but unexpectedly also lipids with other acyl
chains were decreased, leading to a decreased level of total sph-
ingolipid classes. It seems that the balancing effect is not main-
tained during the life span of a mouse.
In agreement with data from young mice, we also noticed

that the amounts of sphingosine and sphinganine were
increased in 18-month-oldmice. As the accumulation of sphin-
gosine has been shown to result in cell death (48, 49), one could
hypothesize that increased sphingosine levels may lead to neu-
rodegeneration of Purkinje cells.
Themajor brain ganglioside classes (GM1,GD1a, GD1b, and

GT1b) were significantly decreased in the CerS1�/� brain in
comparison with wild type brain. When we checked the fatty
acyl chains in the gangliosides, we found that C18GD1 (�d36:1
and �d38:1) was decreased and that there was no change in the
other chain lengths, leading to a decrease in the total amount of
gangliosides. This leads to the assumption that gangliosides in
the brain originate mostly from CerS1-derived ceramide.
Several mutant mouse lines were reported in which different

enzymes responsible for ganglioside synthesis were altered or
depleted (11). The phenotypes of thesemice ranged from subtle
to severe abnormalities. For example, mice lacking N-acetyl-
galactosaminyltransferase and as a consequence GalNAc-con-
taining gangliosides (including GD1a and GT1b) exhibit neu-
rological disorders such as axonal degeneration; sensory,
motor, and behavior insufficiencies; and other neural dysfunc-

FIGURE 6. Behavioral phenotyping of CerS1�/� mice. A, locomotion in the open field. Circles represent mean � S.E. (error bars) locomotion (distance moved
in cm) on the indicated trials. B, running speed. Circles represent mean � S.E. (error bars) running speed (cm/s) on the indicated trials in the open field. C, corner
time. Circles represent mean � S.E. (error bars) time spent (s) in the corner zones of the open field on the indicated trials. D, center time. Circles represent mean �
S.E. (error bars) time spent (s) in the center zone of the open field on the indicated trials. E, center speed. Circles represent mean � S.E. (error bars) running speed
(cm/s) on the indicated trials in the center zone of the open field. F, motor coordination and balancing performance. Circles represent mean � S.E. (error bars)
latency to fall (s) from the accelerating rotarod on the indicated days of acquisition and the retest day. G, spatial alternation behavior in the Y-maze. Bars
represent mean � S.E. (error bars) alternation ratios. *, p � 0.05, Student’s t test for non-paired data. The dashed line indicates performance at the chance level.
H, contacts with a novel object. Bars represent mean � S.E. (error bars) number of contacts in the novel object exploration test. *, p � 0.05, Student’s t test for
non-paired data. I, novel object exploration time. Bars represent mean � S.E. (error bars) time spent exploring the novel objects. *, p � 0.05, Student’s t test for
non-paired data.
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tions (41). It has been shown that complex gangliosides are
involved in neural development and maintenance of neural
functions. Gangliosides are primarily localized in the outer leaf-
lets of plasma membranes of neurons and are known to func-
tion in cell-cell recognition and signal transduction (11). MAG
is expressed on the innermost myelin sheet directly apposed to
the axon surface and has been shown to bind to gangliosides
GD1a and GT1b located on the neuronal membrane (14). In
our study, we found that MAG expression decreased by 60% in
the CerS1�/� mice, indicating an effect of neuron-specific gan-
gliosides on a protein expressed solely in oligodendrocytes.
There appears to be no change in the myelin sheaths because
the level of myelin basic protein was very similar in wild type
and homozygous CerS1�/� mice. A similar effect has been
noticed before, but its origin was different: mice deficient for
N-acetylgalactosaminyltransferase show an age-dependent
decrease in MAG protein (50). MAG mRNA levels in these
mice were unaffected, indicating decreased stability of the
MAGprotein in the absence of its ganglioside ligands. The sim-
ilar reduced level ofMAG in the CerS1�/� mice where ganglio-
sides were reduced by only 60% suggests a threshold of gangli-
oside concentration necessary for MAG stabilization.
Alternatively, the distribution of gangliosides (in axons, cell
body, or synapses) might be altered in CerS1 KO mice, and
ganglioside levels in the axonalmembranemight bemuchmore
strongly decreased than in othermembranes of the neuron.The
described phenotype of CerS1�/� mice is unlikely to be only
subsequent to reduction in MAG expression because this
reduction is not complete (60%), andmice heterozygous for the
MAG allele were reported to have similarly reduced MAG
expression, but they lack any of the described phenotypes (51).
Mice deficient for MAG protein exhibit neural degeneration

and behavioral abnormalities similar to N-acetylgalactosami-
nyltransferase-deficient mice (14). In our behavioral tests,
CerS1�/�mice showed significantly decreased locomotion and
running speed in the open field. In addition, we found an anx-
iolytic behavioral profile with significantly increased time spent
in the center and decreased time spent in the corners of the
open filed. The Y-maze alternation performance was impaired,
and performance in the rotarod assay and novel object explo-
ration were compromised. MAG- andN-acetylgalactosaminyl-
transferase-deficient mice also show impaired motor balance,
coordination, andmuscle control, but despitemotor behavioral
deficits, thesemutantmouse strainswere hyperactivewith total
spontaneous locomotor activity increased 60–130% above that
of wild typemice (14), which stands in contrast to the results for
our CerS1-deficient mouse line.
Currently available data on the function of sphingolipids and

derived gangliosides in the cerebellum also fit well with the
observed neurodegeneration. For instance, the generalized
abrogation of the synthesis of complex sphingolipid com-
pounds by a selective knock-out of glucosylceramide synthase
in Purkinje cells (52) causes progressive loss of these cells from
adult cerebella within the same time frame as seen in our mice,
but it is less severe in terms of numerical cell loss. Among other
functions, gangliosides play amajor role in the stabilization and
function of glycolipid-rich membrane microdomains, and
interference with their synthesis by ablation of specific glyco-

syltransferases likewise resulted in adult onset neurodegenera-
tion (53). However, we did not observe obvious defects in den-
dritic arborization in vivo that have been noted in in vitro assays
in glycosphingolipid-deficient mice.
Although neurodegeneration and subsequent cerebellar

shrinkage are in good accordance with published data on gly-
cosphingolipid function in cerebellum, the pathogenesis of the
limited foliation defect seen in ourmice is less clear, themore so
as a wide variety of (unrelated) genetic defects both inmice and
man result in similar alterations. For instance, related pheno-
types have been reported fromZic4-deficient mice, interpreted
as a murine form of a Dandy-Walker malformation (54). In
these mice, foliation defects are attributed to impaired granule
cell proliferation. Although we observed granule cell loss
mainly in the anterior cerebellum during development, it was
not focused to folia VI/VII. A similar localized foliation defect
but in this case associated with subpial ectopia of granule cells
that failed tomigrate from their proliferativematrix toward the
inner granular layer has been reported with ether lipid-defi-
cientmice (55). In this case, defective lipid raft domains causing
subsequent defects of multiple signaling pathways were pro-
posed to be involved in the pathogenesis, which could result in
pathomechanisms similar to those envisaged for CerS1 defi-
ciency in which gangliosides enriched in rafts are not synthe-
sized at normal levels. Interestingly, the authors discuss focally
disturbed proliferation of granule cells in the external granular
layer, which could fit to the inconstantly observed thinning of
the external granular layer in the anterior lobus posterior in our
material. However, a virtually identical localized foliation
defect has been reported after knock-out of the nuclear orphan
receptor and putative transcription regulator tak1 (56) and was
hypothetically related to maldifferentiation, but not cell death,
of Purkinje neurons during development.
Our study demonstrates that the lipid changes and reduced

expression of MAG are not limited to the cerebellum of
CerS1�/� mice but also involve the forebrain of CerS1�/�

mice. The changes in the CerS1�/� mice are not only found in
neurons of the brain but also affect neighboring oligodendro-
cytes. Our results reveal that MAG expression in oligodendro-
cytes is dependent on CerS1-derived neuronal gangliosides in
cerebellum and in forebrain. Furthermore, C18 ceramide is
required as a precursor for the biosynthesis of gangliosides in
cerebellum and forebrain. It remains to be clarified which
enzymes involved in ganglioside biosynthesis are restricted to
C18 lipid precursor molecules.
The CerS1-deficient mice are a useful model to study the

effects of decreased but not absent ganglioside levels inmice. In
humans, it has been shown that varying ganglioside levels can
be responsible for different neuropathological diseases. Several
years ago, a study showed that a homozygous loss-of-function
mutation of GM3 causes infantile onset symptomatic epilepsy
syndrome (57). For Huntington disease patients, it has very
recently been shown that synthesis of ganglioside GM1 is
reduced (observed in fibroblast from patients and in cell and
animal models of Huntington disease). Furthermore, it has
been found that decreased GM1 levels contribute to increased
Huntington disease cell susceptibility to apoptosis (58).
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Recently, it was reported that sphingomyelinwithC18:0 fatty
acyl residue binds to p24 protein of COPI vesicles involved in
intracellular protein trafficking (59). These analyses have been
carried outwith culturedHeLa cells andChinese hamster ovary
(CHO) cells. It remains to be investigatedwhether or not CerS1
deficiency influences intracellular protein trafficking via COPI
vesicles. With our study, we have started to unravel the func-
tions ofCerS1-derived lipids and their interaction partners, and
we hypothesize that the behavioral phenotype of CerS1�/�

micemay not only be determined by alteration in one lipid class
but by several changes in lipid levels and related interacting
proteins in the whole brain.
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